Cell walls from Lactobacillus fermenti were prepared by differential centrifugation of disrupted cells, with and without trypsin treatment. Approximately 16% of the dry weight of walls was found in a crude trichloroacetic acid extract of the walls; half of this amount remained upon further purification. The purufied extract lacked alanine, but contained substantial amounts of glucosamine. The walls constituted 23 to 33% of the dry weight of the cell. The chemical composition of the various types of wall preparations and of the peptidoglycan from them was studied. The peptidoglycan contained equimolar proportions of glucosamine, muramic acid, L-alanine, D-glutamic acid, and lysine, with somewhat lower proportions of D-aspartic acid and D-alanine. The chemical composition of the peptidoglycan is similar to that reported for three other lactobacilli. In addition to the major constituents of walls and peptidoglycan, there were several minor amino acids. The protein and the amounts of the minor amino acids decreased, and among these threonine and arginine were completely absent from preparations obtained with trypsin. Such preparations contained higher proportions of the D-isomers of alanine, glutamic acid, and aspartic acid as compared to walls and peptidoglycan prepared without trypsin. In addition, walls isolated with the use of trypsin were susceptible to lysozyme, whereas those prepared without trypsin were not. However, the trypsin treatment did not result in any change of the ultrastructure as revealed by electron microscope studies.
About 10 g (dry weight) of disrupted cells was suspended in distilled water to a volume of 500 ml and centrifuged at 3,000 x g for 15 min. The sediment was washed twice in 100 ml of water. The sediment after the second washing consisted of cell debris and larger particles (fraction 1). The three successive supernatant fractions were combined and centrifuged at 9,000 x g for 20 min. The supernatant fraction from this centrifugation contained cytoplasm and smaller particles (fraction 11). The sediment (crude cell walls) was washed with 100 ml of 1 M NaCl and centrifuged at 9,000 x g for 20 min. It was then treated for 2.5 hr at 37 C with 100 ml of potassium phosphate buffer (0.05 M, pH 7.5) containing trypsin (0.5 mg/ml) and deoxyribonuclease (6 Ag/ml). The suspension was centrifuged at 10,000 x g for 30 min, and the sediment was washed three times with water. It was then suspended in water and centrifuged at 3,000 x g for 15 min. The supernatant fraction contained purified wall suspension (fraction 111). Cells (10 g, dry weight) gave 0.5 to 1.0 g of purified cell walls.
The second preparation omitted the trypsin treatment. The crude cell wall fraction (see above) was washed with 100 ml of 1 M NaCl and centrifuged at 9,000 x g for 20 min. It was then suspended in 100 ml of potassium phosphate buffer (0.05 M, pH 7.5), treated with deoxyribonuclease (6 Ag/ml) at 37 C for 15 min, and finally heated in a boiling-water bath for 10 min. After centrifugation at 10,000 x g for 30 min, the sediment was resuspended in the phosphate buffer, and the deoxyribonuclease and heat treatments were repeated. After centrifugation at 10,000 x g for 30 min, the sediment fraction was washed three times with water, suspended in water, and centrifuged at 3,000 x g for 15 min. The final supernatant fraction contained purified wall suspension (fraction 111).
In the third type of preparation, walls were treated with SDS as follows. The 10,000 x g sediment, containing walls purified without trypsin, was suspended in a saturated solution of SDS and kept at 37 C for 24 hr. This procedure was repeated once more, after which the suspension was centrifuged at 10,000 x g for 30 min and the sediment washed four or five times with water.
Each of the above fractionation procedures gave three main fractions, namely fraction 1, cell debris and larger particles; fraction 11, cytoplasm and smaller particles; and fraction 111, purified cell walls. These fractions were stored at -20 C, frozen or freeze-dried, until the chemical analyses were carried out.
Isolation of peptidoglycan. Purified cell walls (600 mg) were stirred with 25 ml of 10% trichloroacetic acid at 2 C for 24 hr. After centrifugation (10,000 x g, 20 min), the sediment was extracted again with 25 (10, 000 x g, 30 min). The sediment was washed twice with ethanol and once with ether. The ethanol and ether supernatant fractions were discarded. The sediment was dissolved in 5 ml of 10% trichloroacetic acid and reprecipitated with 25 ml of cold ethanol. The mixture was allowed to stand at 2 C for 30 min. It was then centrifuged at 10,000 x g for 30 min. The sediment was washed twice in 96% ethanol and once in ether. The material thus purified was freeze-dried and stored at -20 C until assayed for phosphorus, reducing sugars, hexosamines, and amino acids.
Isolation of individual (major) amino acids. The freeze-dried walls and peptidoglycan were hydrolyzed by 6 N HCI (I ml/10 mg of dry material) in an evacuated Pyrex ampoule at 1 10 C for 16 hr. The hydrolysate was evaporated under vacuum with repeated additions of water. The final residue was taken up in water and filtered, and the filtrate was freeze-dried until analyzed.
The individual amino acids were separated on a Dowex 50 W x 8 column (100 to 200 mesh; 0.9 by 60 cm) essentially as described by Stein and Moore (29) .
The column was eluted with successive portions of 1.0, 2.5, and 4 N HCI, and the eluates were collected in fractions of 2.25 ml. A portion (0.25 ml) of each fraction was tested with ninhydrin to locate the position of the separated peaks. Those (13) , and total phosphorus was determined by using an ammonium-vanadium-molybdate reagent after wet-ashing with nitric and sulphuric acids (20) . Control (25) . Freeze-dried walls (100 to 300 mg) were hydrolyzed for 4 hr in 5 ml of 6 N HCI in a glassstoppered test tube held in a boiling-water bath. After that time, 5 ml of ethanol was added, and the mixture was extracted with three l0-ml portions of ether. The combined ether extracts were dried over P205 and NaOH under vacuum. The lipid material was then VOL. 105, 1971 transferred to a dry, weighed beaker and evaporated under vacuum in the presence of P20,.
Reducing sugars. Reducing sugars were determined by a modified anthrone method (28) with glucose as a standard. For total hexosamines the Elson-Morgan reagent was used, essentially as described by Reissig et al. (22) and Ghuysen et al. (9) , but with slight modifications.
Amino acids ad amino sugars. Individual amino acids were detected by the ninhydrin reaction after separation by two-dimensional paper chromatography. They were then determined quantitatively together with glucosamine and muramic acid by using an automated amino acid analyzer. The D-and L-isomers of the major amino acids were determined enzymatically. The enzymatic methods used were first evaluated to establish optimal assay conditions. L-Alanine was determined with glutamate-pyruvate transaminase and lactate dehydrogenase; D-alanine was determined with D-amino acid oxidase, catalase, and lactate dehydrogenase. Both determinations were carried out essentially by the method of Ghuysen et al. (10) , but adapted to a spectrophotometer instead of a fluorimeter.
L-Glutamic acid was determined with glutamate dehydrogenase (4); D-glutamic acid was calculated as the difference between total glutamic acid and the L-isomer. L-Aspartic acid was determined with glutamate-oxaloacetate transaminase and malate dehydrogenase (21); D-aspartic acid was calculated as the difference between the total aspartic acid and its L-isomer. Attempts to determine D-lysine, D-aspartic acid, and D-glutamic acid with D-amino acid oxidase were unsuccessful. The enzyme (D-amino acid oxidase from pig kidney) was not active towards these amino acids.
An attempt was made to determine L-lysine with Llysine decarboxylase by using the respirometric Warburg technique to measure evolved CO2 (8) . However, it did not give satisfactory results. Much more material than was usually available would be required. With all of the enzymatic methods used, a great deal of calibration and standardization work was required before the desired degree of accuracy could be attained.
The extent of destruction of the amino sugars and of racemization of the amino acids during hydrolysis was determined in separate recovery studies in the absence and in the presence of cell wall material. In the absence of wall material, glucosamine and muramic acid were destroyed to an extent of 48 and 55%, respectively. About 25% of both was destroyed in the presence of wall material. The values in Table 2 Amino acids and amino sugars. Figure 1 shows the preparative separation of the major amino acids and amino sugars on a single Dowex 50 column. Table 2 lists the major components of the various wall and peptidoglycan preparations. These major components are two amino sugars and five amino acids, namely, muramic acid and glucosamine, D-glutamic and D-aspartic acids, Dand L-alanine, and lysine. Diaminopimelic acid was not detected in our preparations. Table 2 also lists the proportion of ammonia determined in the hydrolysates of the various preparations. We assume that this ammonia is mainly derived from amido groups in amino acids. Such groups are known to be easily hydrolyzed by the procedure used to split peptide and glucosidic bonds. In addition, Table 2 shows the values for reducing sugar and gives the per cent of peptidoglycan. These percentages were calculated from CELL WALL AND PEPTIDOGLYCAN There was approximately I mole of each of the two amino sugars in the various preparations. The proportion of muramic acid (0.8 to 0.9) is somewhat lower than that of glucosamine (1.1 to 1.4). This difference is partly owing to the greater destruction of the former sugar during the conditions of hydrolysis used to liberate the amino acids completely. This was indicated by results of recovery experiments after the addition of authentic compounds to the hydrolysis mixture, with and without wall material. In the trypsintreated preparations, the proportion of glucosamine decreased from 1.4 in wall to 1.1 in peptidoglycan (Table 2 , line 8, columns 2 and 5). This is in agreement with the finding that significant amounts of glucosamine are removed from the walls by trichloroacetic acid (Table 4) .
The molar proportions of L-alanine (1.1 to 1.3) and D-glutamic acid (1.0) are essentially equal to those of the two amino sugars. In the preparations with trypsin, lysine is present in slightly smaller amounts (0.8). Attempts to determine the D-and L-isomers of lysine were not successful. However, lysine is generally believed to be present only as the L-isomer in bacterial cell walls. The figures for D-aspartic acid and Dalanine are much less than unity.
D-Glutamic acid amounted to 88% of the total glutamic acid in the peptidoglycan from walls prepared without trypsin and to 98% in that from trypsin-treated walls. The corresponding figures for D-aspartic acid were 86 and 93%, respectively. The proportion of D-alanine and L-alanine in the peptidoglycan obtained without trypsin was 34 and 66% of the total alanine, respectively. The corresponding proportion in the peptidoglycan derived from trypsin-treated walls was 38 and 62%, respectively.
It can be seen in were prepared on different days and only one sample of each was analyzed. As can be expected, the proportion of the D-isomers of alanine, glutamic acid, and aspartic acid is considerably higher in both walls and peptidoglycan prepared with trypsin, as compared to the preparations without trypsin. The proportion of ammonia (amido groups) was 2.1-2.4 in walls and 1.3-1.8 in peptidoglycan (Table 2 ). In all three types of wall preparation, this proportion was larger than the sum of D-glutamic acid and D-aspartic acid. This indicates that D-glutamic acid and D-aspartic acid are largely present as amides. The lower proportion of ammonia in peptidoglycan indicates that such amidated D-glutamic acid and D-aspartic acid are deamidated during trichloroacetic acid extraction. There were no drastic differences between the wall preparations with trypsin and those with SDS except for a considerable decrease in the proportion of D-alanine in the latter.
Results of experiments to determine teichoic acids by extraction of cell walls with trichloroacetic acid are described in a subsequent section. The purified trichloroacetic acid extract contained substantial amounts of glucosamine. It thus appears that, in L. fermenti, glucosamine is not only an essential component of the peptidoglycan, but also constitutes a part of the cementing polysaccharide.
In addition to the four major amino acids, there were 11 minor amino acids both in the walls and-in somewhat smaller amounts-in the peptidoglycan. These amino acids were glycine, valine, leucine, isoleucine, serine, threonine, methionine, arginine, histidine, tyrosine, and proline. The variations in the contents of these 11 minor amino acids in the various types of preparation are illustrated in Table 3 (D-glutamic acid = 1.00). Treatment with trypsin generally decreased the contents of the minor amino acids in the walls. This was also the case with peptidoglycan except for histidine, the content of which was higher in the peptidoglycan isolated from walls treated with trypsin. Arginine, threonine, tyrosine, and proline were not detectable in wall preparations, which were treated with trypsin. Very small amounts (molar ratios of 0.01 compared to D-glutamic acid) of tyrosine and proline were detected in the corresponding peptidoglycan. These very low values are within the limits of the experimental error. Arginine and threonine were completely absent. Significant amounts of these two amino acids were detected, however, in the preparations which were not treated with trypsin. Table 2 ; glutamic acid taken as 1.0.
lower contents of the minor amino acids, although considerably less so as compared to trypsin. Here, too, histidine was an exception: its content increased. Arginine and methionine were not detectable in walls treated with SDS. Trichloroacetic acid extract. Purified cell walls (600 mg) gave 86 mg of crude trichloroacetic acid extract and 49 mg of final purified preparation. The contents of certain components in the latter are shown in Table 4 . It contained 1.5% phosphorus (organically bound), 77% carbohydrate, and 10% hexosamine. Much of the latter consisted of glucosamine. Muramic acid was absent; alanine was also absent. This indicates that the trichloroacetic acid-extractable material is probably not a teichoic acid. However, polyols were not looked for in these preparations.
Electron microscope studies. Electron micrographs of thin sections of cell walls, isolated with and without trypsin treatment, are shown in Fig.   2A and 2B. The thickness of the cell wall seems to be -40 nm. Salton (reference 26, p. 243) reported the thickness of the cell walls of grampositive bacteria to be in the range 15 to 80 nm. Figure 2C shows trichloroacetic acid-extracted cell walls. The peptidoglycan still has the crude morphology of the cell walls, but it looks like a collapsed sausage. This has also been observed in other organisms [for review, see Rogers and Perkins (23) ]. An electron micrograph of a freezedried cell wall, seen in a scanning microscope, is shown in Fig. 3 . It shows a characteristic puncture of the wall bag. The wall bag appears to have shrunk during freeze-drying.
Lysozyme sensitivity of isolated cell walls and peptidoglycan. The walls isolated by using trypsin were susceptible to lysozyme. The preparations obtained without trypsin treatment did not respond to lysozyme. This is illustrated in Fig. 4 for The low content of phosphorus in the walls and the absence of alanine in the trichloroacetic acidextractable material indicate that the wall of L. fermenti ATCC 9338 does not contain teichoic acid. This correlates with the report of Baddiley and Davison (1), who found teichoic acid (containing glycerol) in whole cells of L. fermenti NCIB 6991, but not in the isolated walls. Phosphorus is considerably enriched, however, in the trichloroacetic acid extract from our wall preparations of L. fermenti ATCC 9338 (1.5%) as compared to the walls before extraction (0.4%).
The presence of various amounts of several amino acids in cell wall preparations from different bacteria is amply documented. It is generally accepted, however, that only four to five amino acids are true constituents of the peptidoglycan [for review, see the extensive monograph by Salton (26) and recent reviews by Ghuysen (11) and Sharon (27) ]. acids in cells walls and peptidoglycan from L. fermenti is thus similar to that reported for S. faecalis, L. acidophilus, and L. casei (11) . In the peptidoglycan from these three organisms, the muramyl residues are linked to the tetrapeptide ( Table 2 ). The second was the absence of threonine and arginine from such walls, and the third difference was the substantially lower protein content in the trypsin-treated walls (Table 1) . If the amount of protein removable by trypsin really belonged to the cell wall in a way that sterically hinders lysozyme attack, one would expect a visible protein layer attached to the walls prepared without trypsin treatment. We were not, however, able to see any striking difference between the preparations with and without trypsin when studying thin sections of walls and cells under electron microscope (for walls, see Fig. 2A and B).
The possibility, therefore, cannot be excluded that this protein is largely of cytoplasmic origin, although some of it may be embedded in the wall itself. Cell walls of many gram-positive bacteria probably contain protein. There is no conclusive evidence on this point, however, since the techniques involved in cell wall preparation usually involve treatments to remove cytoplasmic constituents, especially protein (reference 23, p. 259-260). On the other hand, it is well documented that trypsin has a broad activity spectrum. One could thus envisage a possibility that trypsin may "loosen" the cell wall structure by virtue of its action as an esterase (6) , phosphoamidase (12), etc. For example, phosphodiester bonds between the muramyl residues and the cementing polysaccharide in the walls from several lactobacilli were 4 TIME,HR postulated by Knox and Holmwood (15) .
In separate experiments, we treated washed cell suspensions with trypsin and fractionated the material from the supernatant by gel filtration. No conclusive evidence of something being removed could be obtained (Neujahr, unpublished data) .
Becker and Hartsell reported in 1954 the "synergistic" action of lysozyme and trypsin in bacteriolysis of several bacteria (2). However, our results indicate that the action of trypsin is independent of that of lysozyme. Thus, walls, once prepared by using trypsin, were susceptible to lysozyme. The rate of lysis of such walls was unaffected by the addition of trypsin (Fig. 4) .
